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Luminescence nanothermometry has emerged over the last decade as an exciting field 
of research due to its potential applications where conventional methods have 
demonstrated to be ineffective. Preclinical research has been one of the areas that have 
benefited the most from the innovations, proposed in the field. Nevertheless, certain 
questions concerning the reliability of the technique under in vivo conditions have been 
continuously overlooked by most of the scientific community. In this proof-of-concept, 
hyperspectral in vivo imaging is used to explain how unverified assumptions about the 
thermal dependence of the optical transmittance of biological tissues in the so-called 
biological windows can lead to erroneous measurements of temperature. Furthermore, 
the natural steps that should be taken in the future for a reliable in vivo luminescence 
nanothermometry are discussed together with a perspective view of the field after the 
findings here reported. 
KEYWORDS: nanoparticles, nanothermometry, luminescent thermometry, tissue, 
attenuation, sensitivity
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Minimally invasive high-resolution in vivo thermal sensing is highly desired by biomedical 
researchers working in preclinical studies. Among the different reasons that drew the 
attention of the scientific community to this specific application was the fact that 
contactless thermometry could be used as a tool for the early diagnosis of several 
diseases as well as for improving the efficacy of thermal therapies.1–5 As a consequence, 
there has been a fast development of what is now called luminescence nanothermometry 
(LNTh). LNTh is based on the use of luminescent nanoparticles (LNPs) whose 
spectroscopic properties are thermally dependent in the physiological range of 
temperature (10–50 °C).6–20 Different fluorescent compounds, including organic dyes, 
fluorescent proteins and a large variety of NPs (metallic, dielectric doped with rare-earth 
ions, quantum dots, etc.), have already been successfully used for in vivo remote thermal 
sensing.21–23 When compared to other thermometry methods, LNTh presents the 
advantage of being minimally invasive, cost-effective and experimentally simple.
Although LNTh is in its early stages, a good number of preclinical applications have 
already been demonstrated thanks to the appearance of luminescent nanothermometers 
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working in the spectral ranges known as biological windows (BWs),24–34 where absorption 
and scattering of light in biological tissues are minimized.35–42 They have made possible: 
deep abdominal temperature sensing,43 in vivo recording of subcutaneous thermal 
videos,44,45 and the identification of incipient diseases (such as ischemia or tumors).46–48 
Thereupon, the scientific community became aware of the necessity to enhance the 
properties (such as brightness or thermal sensitivity) of the available luminescent 
thermometers. Nevertheless, certain questions concerning their reliability are now 
arising.49 It has been reported, for instance, that some artefacts may arise from system 
inhomogeneities,50 from the limitations of the detection system,51 from the interference of 
contaminants or external signals,52 and/or from an unexpected dependence of the 
system’s response under the experimental conditions.53,54 The partial self-absorption 
(SA) of luminescence (i.e. when there is an overlap between the excitation and emission 
spectra) could also be a factor that alters the spectral shape of rare-earth-based LNThs 
and, to some degree, of dyes and QDs.49 
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While in vivo conditions generally impose many other factors (such as vascular blood 
flow, nanoparticle aggregation and biodistribution) that might affect the measurements 
performed with luminescent probes, there is an artefact that remains overlooked by the 
scientific community. In general, it is simply assumed that if one designs a luminescent 
nanothermometer that operates in the BWs, the interplay between the tissue-induced 
attenuation and the luminescence that carries the thermal information can, in a good 
approximation, be neglected. This assumption implies that the collected luminescence 
has the same spectral properties as the luminescence generated by the deep-tissue 
allocated nanothermometers. Though the low attenuation coefficient of tissues in the BWs 
assures a maximized penetration depth of light, it does not guarantee the lack of spectral 
distortions. In fact, under most in vivo experimental conditions, the wavelength 
dependence of the optical properties of a tissue could give rise to such distortions.55–59 
They, in turn, could yield valuable information, for instance, on the oxygenation state and 
structure of a tissue.60,61 
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LNTh depends on the experimental determination of spectroscopic parameters such as 
(i) luminescence intensity, (ii) luminescence intensity ratio (LIR), (iii) spectral bandwidth,
and (iv) wavelength position of an emission line.6 Therefore, it is reasonable to think that 
the thermal readouts obtained with this technique could be affected by the tissue-induced 
spectral distortions. Yet, when retrieving the literature, to the best of our knowledge, it is 
not possible to find any work connecting those two concepts. This could be mostly 
attributed to the lack of spectral resolution in the majority of infrared imaging equipment 
utilized for in vivo imaging. Indeed, the detection of in vivo tissue-induced spectral 
distortions is not an easy task at all. Recently, however, Hyperspectral Imaging (HSI) has 
been presenting itself as an automated spectrally sensitive technology that integrates 
imaging and conventional spectroscopy in such a way that it provides complementary 
information from both domains.62–67 Furthermore, given its intrinsic spatial resolution 
capability, the time needed for the studies of propagation of light in materials is reduced. 
This technology, therefore, could, in principle, be easily applied to gather information on 
attenuation-induced spectral distortions. 
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In this work, in vivo HSI is used to experimentally evaluate the magnitude of the tissue-
induced spectral distortions in the luminescence of acclaimed infrared 
nanothermometers. An explanation of such phenomena is given in terms of the optical 
properties of several tissues. The implications that these results have and the next steps 
that should be taken in the field of luminescent thermometry are also discussed in detail. 
RESULTS AND DISCUSSION
Hyperspectral Imaging in a Small Animal Model
The HSI system used in this work for the acquisition of luminescence spectra generated 
by nanothermometers is schematically depicted in Figure 1a. Briefly speaking, optical 
excitation was provided by an 800 nm fiber-coupled laser diode. A short-pass filter was 
used to block the long-wavelength tail of the laser source. The scattered light emitted 
from the sample was transmitted through a long-pass filter (Thorlabs FL0850) that was 
intended to suppress the reflected laser signal. Shortwave Infrared (SWIR) lenses were 
then used as a relay to image the pupil on a Bragg Tunable Filter (BTF) which, in turn, 
would select a specific wavelength, λ, of the coming light.55 This filtered light was then 
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focused, by a second lens, on an infrared camera (ZephIRTM 1.7) to produce a 
monochromatic image. Synchronous tuning of the BTF and image acquisition allowed the 
obtainment of monochromatic fluorescence images corresponding to different emission 
wavelengths ranging from 900 up to 1700 nm. Under those circumstances, a 3D spatial 
map of spectral variation, i.e. a HSI cube, was built: the first two dimensions provided 
spatial information and a third dimension accounted for the spectral information.56–58,68 
The intensity values of a particular pixel in a HIS cube characterized its spectral 
fingerprint. As an example, the HSI cube of a colloidal solution of Ag2S dots is shown in 
Figure 1b, from which their emission spectrum is obtained.
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Figure 1. Hyperspectral Imaging. a) Schematic representation of the hyperspectral 
imaging system used in this work. b) Representative stack of narrowband sub-images of 
a mouse injected with Ag2S dots superimposed to its optical photo. The images from a 
3D hypercube from which one obtains the emission spectrum corresponding to a 
selected region.
Tissue-Induced Spectral Distortions
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If an optically excited luminescent nanothermometer is under a tissue of thickness L then, 
according to the Modified Beer-Lambert Law, which is here introduced not as a complete 
description of the light-tissue interaction but rather as a didactic tool for the sake of the 
discussion, the luminescence intensity at wavelength  detected ( ) after passing 𝜆 𝐼𝑑𝑒𝑡(𝜆)
through the tissue is given by:69–72
       (1)𝐼𝑑𝑒𝑡(𝜆) = 𝐼𝑜(𝜆)𝑒
―𝑔(𝜆,𝐿) ― 𝐿 × [∑𝑖𝜖𝑖(𝜆) × 𝐷𝑃𝐹(𝜆)]
where  is the actual luminescence intensity generated by the nanothermometers at 𝐼𝑜(𝜆)
wavelength , g is a function that depends on the geometry of the tissue and that accounts 𝜆
for the light intensity loss due to scattering, εi is the molar extinction coefficient of the i-th 
chromophore found in the tissue and DPF is the Differential Pathlength Factor (i.e. a 
parameter that accounts for increases in optical paths). Eq. 1 clearly states that 𝐼𝑑𝑒𝑡(𝜆) ≠
. In general, past works considered that the relationship between the detected and 𝐼𝑜(𝜆)
the emitted signals was determined by a single constant of proportionality (i.e. 𝐼𝑑𝑒𝑡(𝜆) = 𝑘·
, with ). This implies that the extinction coefficient of a tissue is wavelength-𝐼𝑜(𝜆) 0 < 𝑘 < 1
independent, which is known to be false. In spite of this, the impact that tissue absorption 
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has on the shape of the detected luminescence generated by nanothermometers has 
remained unexplored. To work around this problem, a simple experiment with two CD1 
mice was firstly designed. The first mouse was subjected to a subcutaneous injection of 
Ag2S dots while the second one was subjected to an intravenous injection of a solution 
of Ag2S dots. More details can be found in the Methods Section. Figure 2a and 2b show 
the fluorescence images obtained in each case for an emission wavelength of 1200 nm. 
In the latter, the signal was generated by Ag2S dots accumulated in the liver. The 
normalized luminescence spectra obtained from the HIS cubes obtained in each case are 
shown in Figure 2d and 2e. The original spectra are included in Section S1 of Supporting 
Information. While the subcutaneous injection provides a luminescence spectrum almost 
identical to the one generated by Ag2S dots in colloidal solution (broad and symmetric 
band centered at around 1240 nm), the detected emission spectrum corresponding to the 
NPs accumulated in the liver differs by a great amount. In principle, this spectral distortion 
could be attributed to either the tissue absorption or to a modification of Ag2S dots in the 
liver due to, for instance, pH change. To rule out this second possibility, the mouse 
subjected to intravenous injection was sacrificed. The ex vivo fluorescence image and 
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spectrum of the liver are shown in Figure 2c and 2f, respectively. As one can notice, there 
is an obvious similarity with the original spectrum of Ag2S dots. This concludes that Ag2S 
dots have not been significantly modified when accumulated in the liver and that the in 
vivo spectral distortion obeys the wavelength-dependent attenuation of tissues between 
the liver and the detection system (including vessels, skin, etc.). Such a fact is further 
demonstrated with an extra experiment (described in Section S2 of Supporting 
Information) in which the relative position of the animal was changed and the spectral 
shape of the detected luminescence of the Ag2S NPs was observed to change with it.  
The data included in Figure 2, therefore, clearly state that tissue-induced spectral 
distortions cannot be neglected when interpreting NIR-II in vivo fluorescence images. 
Otherwise, the analysis could lead to erroneous conclusions.
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Figure 2. Spectral variations of Ag2S dots under different conditions. Luminescence 
image generated by Ag2S dots after a) a subcutaneous injection in a CD1 mouse, b) a 
retroorbital injection in a living mouse and c) sacrificing the mouse and isolating the liver 
(ex vivo conditions). Emission spectra of d) subcutaneous injection, e) retroorbital 
injection and f) isolated liver after retroorbital injection. The optical images of mouse and 
liver were included (or superimposed) in a, b and c for a better visualization. The spatial 
resolution of the measurement was 5.9×10-2 mm2/pixel.
Tissue-induced spectral distortions are not restricted to the case of Ag2S dots. The 
performance of other infrared luminescent nanothermometers is also expected to be 
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affected. Though many probes have been proposed for in vivo thermal sensing, Yb@Nd 
LaF3 and Er-Yb@Yb-Tm LaF3 NPs were here selected as representative examples. They 
are, indeed, good systems to examine due to their good thermal sensitivity and broad 
ranges of emission inside the BWs.44,45,73 Figures 3a and 3b show the broadband infrared 
luminescence images (850-1600 nm) of a cuvette filled with an aqueous solution of 
Yb@Nd LaF3 NPs and of a mouse subjected to a subcutaneous injection of the same 
NPs, respectively. Figure 3c shows the normalized emission spectra obtained from the 
HSI cubes of the Yb@Nd LaF3 NPs in a colloidal suspension and the Yb@Nd LaF3 NPs 
subcutaneously allocated. The skin-induced distortions in the emission spectra are 
evident. Indeed, they affect the intensity ratio between emissions at 980 and 1060 nm 
which, in turn, is commonly used for thermal sensing. Figure 3d and 3e, in turn, show the 
broadband infrared luminescence images (850-1600 nm) of a cuvette filled with an 
aqueous solution of Er-Yb@Yb-Tm LaF3 NPs and of a mouse subjected to a 
subcutaneous injection of the same NPs, respectively. In this case, the skin-induced 
spectral distortions are even more evident than those observed for Ag2S and Yb@Nd 
LaF3 NPs (see Figure 3f). In particular, skin absorption leads to a relevant reduction in 
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the relative intensities of the emission bands centered at 1230 and 1470 nm, of Tm3+, 
also used for ratiometric thermal sensing. 
Figure 3. Luminescence of Yb@Nd LaF3 NPs and SWCNTs subcutaneous injections. 
Luminescence images of a) cuvette containing Yb@Nd LaF3 NPs, b) subcutaneous 
injection of Yb@Nd LaF3 NPs in a living mouse, c) cuvette containing Er-Yb@Yb-Tm LaF3 
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NPs and d) subcutaneous injection of Er-Yb@Yb-Tm LaF3 NPs in a living mouse. 
Emission spectra of the cuvette and subcutaneous injection corresponding to e) Yb@Nd 
LaF3 NPs and f) Er-Yb@Yb-Tm LaF3 NPs. The optical image of the mouse was 
superimposed in b and d for a better visualization. The spatial resolution of the 
measurement was 5.9×10-2 mm2/pixel.
Figures 2 and 3 clearly reveal how the optical attenuation caused by skin could lead to 
relevant spectral distortions in subcutaneously injected luminescent nanothermometers. 
However, when dealing with other applications (such as brain thermometry), different 
contributions to the net optical attenuation should be expected due to the presence of 
distinct tissues. Since discriminating the roles played by different biological tissues under 
in vivo conditions is a task that would involve the knowledge of several uncontrolled 
factors (such as nanoparticles aggregation and vascular blood flow), some ex vivo 
experiments were conducted to provide an approximation of the real problem. Thin pieces 
of different tissues (taken from a group of sacrificed CD1 mice) were put on the surface 
of a cuvette containing solutions of either Ag2S dots, Yb@Nd LaF3 NPs or Er-Yb@Yb-Tm 
LaF3 NPs. HSI cubes were then measured and the luminescence spectra as obtained in 
presence of different tissues were recorded. Section S3 of Supporting Information 
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contains some of the monochromatic HSI images taken throughout the experiment. 
Figure 4a, b and c include, as representative examples for each type of NP, the emission 
spectra in the absence of any tissue, in the presence of a 2 mm thick skin sample and in 
the presence of a 2 mm thick cortex tissue. In all the cases, the presence of the tissues 
leads to a significant spectral distortion. In order to quantify it, the percentage difference, 
σ, in the spectral shape with respect to the non-affected spectrum was calculated. This 
parameter is defined as:
 (2)𝜎𝑡𝑖𝑠𝑠𝑢𝑒 = ∫|𝐼𝑛𝑜𝑟𝑚𝑡𝑖𝑠𝑠𝑢𝑒(𝜆) ― 𝐼𝑛𝑜𝑟𝑚𝑛𝑜𝑛 ― 𝑎𝑡𝑡(𝜆)|𝑑𝜆
where the sup-index norm indicates that the spectrum was normalized to the area (i.e. 
), Itissue and Inon-att stand for the spectra obtained with and without 𝐼𝑛𝑜𝑟𝑚(𝜆) = 𝐼(𝜆)/∫𝐼(𝜆)𝑑𝜆
the tissue, respectively. The results are summarized in Figure 4 d, e and f where σ was 
analyzed for skin, muscle, skull, cortex, cerebellum and brainstem for Ag2S dots, Yb@Nd 
LaF3 NPs and Er-Yb@Yb-Tm LaF3 NPs, respectively. As one can see, the variation on 
the shape of the spectra is more pronounced in some tissues than in others and it 
depends on the spectral regions that the luminescent nanothermometers emit. The 
transmitted luminescence of Er-Yb@Yb-Tm LaF3, for instance, is the one which is mostly 
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affected, due to the overlap of its emission with the water absorption peaks at 980 and 
1500 nm. The minimal value measured for the percentage difference was found to be 
close to 4% (skull in Figure 4f). Such results are compared with numerical simulations, 
considering the values of absorbance and transmittance of general tissues as provided 
by literature, in Section S5 of Supporting Information.
Figure 4. Tissue-induced changes in luminescence spectra of different NPs. 
Luminescence spectra of different cuvettes containing a solution of either a) Ag2S NPs, 
b) Yb@Nd LaF3 NPs or c) Er-Yb@Yb-Tm LaF3 NPs when having no tissue (black), skin
tissue (red) or brain cortex (purple) on their surfaces. Tissue-induced percentual
difference of luminescence spectrum shape of d) Ag2S NPs, e) Yb@Nd LaF3 NPs and f)
Er-Yb@Yb-Tm LaF3 NPs. The spatial resolution of the measurement was 6.1×10-3
mm2/pixel.
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Figure 4 raises a serious limitation of luminescent nanothermometers to provide absolute 
temperature readouts. Despite its apparent insignificance, even small percentage 
differences in the emission spectra caused by tissue-induced distortions could lead to 
relevant deviations in the absolute thermal readout. In fact, depending on the selected 
thermometric parameter , the error in the temperature estimation, , could be of the 𝛥 𝛿𝑇
same order of magnitude as , where  is the relative thermal sensitivity of the 𝜎/𝑆 𝑆
thermometer (defined as ). Given that most of luminescent thermometers that operate 1𝛥|𝑑𝛥𝑑𝑇|
in the BWs present a relative thermal sensitivity of the order of , a σ  of 4% could 1% 𝑜𝐶 ―1
lead to an error of  in the measurement of the absolute temperature. In worse ± 4 𝑜𝐶
scenarios, such as the case of Er-Yb@Yb-Tm LaF3 NPs, this error could be magnified 
due to their higher values of σ.
A good number of recently proposed applications of luminescent nanothermometers 
mostly deals with measurements of temperature variations rather than absolute 
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temperature determination. This is the case of in vivo thermal transient studies or thermal 
control during tumor ablation.74,75 Nevertheless, several works have reported that the 
optical properties of tissues (specially its transmittance) could be temperature-
dependent.76–84 Consequently, tissue-induced distortions in the emission spectra of 
luminescent nanothermometers would also be a function of temperature. This, in turn, 
could compromise the use of LNTh for in vivo determination of temperature variations. 
According to expression (1), if the molar extinction coefficient of the chromophores 
present in the tissue are temperature-dependent (i.e. ), then the in vivo 𝜖𝑖 = 𝜖𝑖(𝜆,𝑇)
calibration curve of any given nanothermometer would not only be given by the 
temperature variation of the thermometric parameter ( ) itself but also by the temperature 𝑑𝛥𝑑𝑇
variation of the tissue optical properties. In order to evaluate the importance of this second 
term, it is necessary to compare the calibration curves in the presence and absence of a 
biological tissue. Given that Ag2S dots present the possibility of using the ratio, intensity 
or peak position as thermometric parameters with relatively high thermal sensitivities, this 
particular luminescent thermometer was selected for the following set of experiments. A 
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thin piece of tissue (2 mm) was placed on the surface of a micro-chamber containing a 
solution of Ag2S dots. The brainstem was chosen as the representative tissue due to its 
high induced percentage difference in the spectral shape of Ag2S dots (Figure 4d). The 
temperature of the microchamber (with and without tissue) was varied (Figure 5a) and 
the corresponding emission spectra were measured. Experimental details concerning the 
calibration are found in the Methods Section. Representative monochromatic 
luminescence images and emission spectra can be found in Section S4 of Supporting 
Information. By choosing a specific thermometric parameter Δ and using the standardized 
definition of the relative thermal sensitivity ( ), the analysis of the emission 𝑆𝛥 =
1
𝛥|𝑑𝛥𝑑𝑇|
spectra in the presence/absence of tissue (as obtained at different temperatures) allowed 
us to determine the variation of . Since each thermometric parameter can have a 𝑆𝛥
different dependence with T, for the sake of comparison their thermal derivatives were all 
obtained by considering polynomial interpolations of 3rd order. Clear differences are 
observed when using the emitted intensity at 1220 nm (Int, Figure 5b), the intensity ratio 
(Ratio = Int1180nm/Int1260nm, Figure 5c) or peak position (λmax, Figure 5d) as thermometric 
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parameters.  The data suggest a general decrease in S due to the presence of brainstem 
(a pattern that is followed by other tissues, as seen in Figure S6 of Supporting 
Information). The greatest variation is found for , which provided an average decrease 𝑆𝐼𝑛𝑡
of 1.8 % oC-1.  and , on the other hand, presented average decreases of 0.2 and 𝑆𝑅𝑎𝑡𝑖𝑜 𝑆𝜆𝑚𝑎𝑥
0.03 % oC-1, respectively. 
As discussed in details in Section S7 of Supporting Information, the experimentally 
observed variations in  can be mainly attributed to the temperature-dependent optical 𝑆𝛥
properties of tissues. Thus, Equation (1) can be re-written as:
      (3)𝐼(𝜆,𝑇,𝐿) = 𝐼𝑜(𝜆,𝑇)𝑒 ―𝐿 𝜇
𝑒𝑓𝑓
𝑎𝑡𝑡 (𝜆,𝑇,𝐿)
where, for the sake of simplicity,   was 𝜇𝑒𝑓𝑓𝑎𝑡𝑡 (𝜆,𝑇,𝐿) = [∑𝑖𝜖𝑖(𝜆,𝑇) × 𝐷𝑃𝐹(𝜆,𝑇)] +𝑔(𝜆,𝐿,𝑇)/𝐿
defined as the effective attenuation coefficient. As one can check, both the attenuation 
and the absorption are now considered to depend with temperature. Under this form, it 
becomes easier to infer that the thermal dependence of  is the main reason for the 𝜇𝑒𝑓𝑓𝑎𝑡𝑡
observed changes in the value of S. When selecting different thermometric parameters, 
 contributes to S in a different way. According to Section S8 of Supporting 𝜇𝑒𝑓𝑓𝑎𝑡𝑡 (𝜆,𝑇)
Information, if one denotes  and  as the thermal sensitivities relative to the 𝑆𝑎𝑡𝑡𝐼𝑛𝑡(𝑇) 𝑆𝐼𝑛𝑡(𝑇)
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emitted intensity at temperature  in the presence and absence of tissues, respectively, 𝑇
one can write:
  (4)|𝑆𝑎𝑡𝑡𝐼𝑛𝑡(𝑇) ― 𝑆𝐼𝑛𝑡(𝑇)| ≤ |𝐿𝑑𝜇(𝜆𝑐,𝑇,𝐿)𝑑𝑇 |
At the same time, if one denotes   and  as the thermal sensitivities 𝑆𝑡𝑅𝑎𝑡𝑖𝑜(𝑇) 𝑆𝑅𝑎𝑡𝑖𝑜(𝑇)
relative to the intensity ratio at temperature  in the presence and absence of tissues, one 𝑇
can write:
 (5)|𝑆𝑎𝑡𝑡𝑅𝑎𝑡𝑖𝑜(𝑇) ― 𝑆𝑅𝑎𝑡𝑖𝑜(𝑇)| ≤ |𝐿𝑑[𝜇(𝜆1,𝑇,𝐿) ― 𝜇(𝜆2,𝑇,𝐿)]𝑑𝑇 |
Expression (4)  states that the stronger the thermal dependence of  at a certain 𝜇𝑒𝑓𝑓𝑎𝑡𝑡
wavelength, the larger the difference between the relative thermal sensitivities obtained 
in the presence and absence of the tissue when using the absolute intensity as the 
thermometric parameter. On the other hand, expression (5) indicates that, when dealing 
with ratiometric thermal sensitivities, the critical parameter is the difference between the 
thermal derivatives of  as measured at the two wavelengths selected to compute the 𝜇𝑒𝑓𝑓𝑎𝑡𝑡
intensity ratio. This, in turn, might explain the reason for the smaller differences in  𝑆𝑅𝑎𝑡𝑖𝑜
when compared to  obtained for Ag2S dots (Figure 5b and c). In addition, it also shows 𝑆𝐼𝑛𝑡
the rational of developing reliable ratiometric LNTh by selecting two wavelengths with 
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similar thermal dependences of the effective attenuation coefficient, so that 
 . Therefore, the determination of spectral regions with equivalent 
𝑑[𝜇(𝜆1,𝑇,𝐿) ― 𝜇(𝜆2,𝑇,𝐿)]
𝑑𝑇 = 0 𝑑𝜇
 should be a matter of concern in future studies. At this point, it is worth (𝜆𝑐,𝑇,𝐿)/𝑑𝑇
mentioning that the limits in Sλmax cannot be explicitly stated in inequalities due to the 
strong dependence of λmax on the original shape of the spectrum of the luminescent probe. 
Nevertheless, if certain assumptions are made (see Section S8 of Supporting 
Information), similar inequalities may be obtained.  Though the changes in the values of 
the relative thermal sensitivities were observed after considering polynomial 
interpolations of 3rd order, one can verify that they still exist even if one assumes a specific 
fitting function for the thermometric parameters (Section S6 of Supporting Information). 
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Figure 5. Tissue-induced changes in relative thermal sensitivity. a)Narrowband 
luminescence images (centered at 1200 nm) of a cuvette containing Ag2S dots when 
having brainstem on its surface at 20 °C (top) and 40 °C (bottom). Comparison between 
the relative thermal sensitivity as measured in the presence and absence of tissue for b) 
absolute intensity, c) intensity ratio and d) peak position. Dashed lines were included as 
smoothed guide for the eyes. The spatial resolution of the measurement was 6.1×10-3 
mm2/pixel.
Minimizing Erroneous Thermal Readouts
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The impact on subtissue thermal sensing of the reported changes in the thermal 
sensitivity are here evaluated by a simple experiment. In it, a slice of brainstem (2 mm of 
thickness) was placed on the surface of a micro-chamber containing a solution of Ag2S 
dots. The whole system (solution+tissue) was then subjected to a heating cycle (see 
Methods Section) and a dynamic comparison between the estimations of through the ∆𝑇 
different calibrations curves (for Int, Ratio and λmax) of Figure 5 was performed. A 
thermographic camera was also utilized to record the surface temperature. The thermal 
transients included in Figure 6a were obtained by using the calibration curve of Ag2S dots 
in the absence of any tissue, whereas Figure 6b does consider the calibration in the 
presence of brainstem. Several differences are perceived when comparing them. The first 
is that, independently of the thermometric parameter selected,  always seem to be ∆𝑇(𝑡)
underestimated when the tissue-induced effects are neglected (i.e.   seem higher in ∆𝑇(𝑡)
Figure 6b). The second difference to notice is that the thermal transients contained in 
Figure 6b are much closer to the one recorded by the thermographic camera. This, in 
turn, could indicate a better accuracy in the estimation as such a proximity is predicted by 
numerical models accounting for laser-induced heat in thin tissues (see Section S10 of 
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Supporting Information). The better reliability of data in Figure 6b is further supported by 
the precision of the estimation of  via different thermometric parameters (Int, Ratio ∆𝑇(𝑡)
and λmax). While in Figure 6a the three methods present discrepancies in ΔT as large as 
11 °C, the data in Figure 6b reduces it to 6 °C. 
The use of calibration curves obtained in the presence of a tissue, therefore, benefits 
luminescence thermometry in accuracy as well as precision. To make this asset clear, 
the average temperatures were estimated with the correct, ⟨𝑇⟩𝑐𝑜𝑟𝑟𝑒𝑐𝑡 = (𝑇𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝐼𝑛𝑡 + 𝑇𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑅𝑎𝑡𝑖𝑜
,  and incorrect calibrations, , + 𝑇𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝜆 )/3 ⟨𝑇⟩𝑖𝑛𝑐𝑜𝑟𝑟𝑒𝑐𝑡 = (𝑇𝑖𝑛𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝐼𝑛𝑡 + 𝑇𝑖𝑛𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑅𝑎𝑡𝑖𝑜 + 𝑇𝑖𝑛𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝜆 )/3
in Figure 6c. Their respective standard deviations were plotted as error bars. As one can 
observe, when considering the tissue-induced effects, not only is the standard deviation 
smaller (i.e. improved precision) but, especially at longer time points, the distance to the 
values recorded by the thermographic camera is reduced (i.e. improved accuracy). 
Though these averages were calculated considering equal weights of reliability for each 
thermometric parameter, future studies on their relationship with the intrinsic experimental 
errors may point to a different direction. 
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Figure 6. Tissue-induced changes in relative thermal sensitivity. Estimation of ΔT by 
different thermometric parameters when considering the calibration a) in the absence and 
b) presence of a tissue. c) Average temperature of the tissue as estimated according to
the different calibrations (correct when considering the tissue, incorrect otherwise).
Dashed lines were included as smoothed guide for the eyes. The temporal and spatial
resolution of the measurement were 30s and 6.1×10-3 mm2/pixel, respectively.
Given the importance of the tissue-induced phenomena that were here presented, the 
question of how to reliably measure the temperature without the need of exhaustive 
acquisition of additional calibration curves persists as a complex puzzle (see Figure S12 
of Supporting Information). The most investigative approach to the problem would 
consider the complete characterization of the thermal dependence of the optical 
properties of main tissues in the BWs. Under such circumstances one would only need 
to know the dimensions of the tissues in order to estimate the real temperature. A fully 
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pragmatic approach, on the other hand, would move the focus of the field to lifetime-
based thermometry. Each of these positions have their own strengths and weaknesses. 
The former seems a universal but burdensome solution. The latter seems to be easier 
but applicable to only a certain type of luminescent thermometers. Ideally, more elaborate 
plans of solution should locate themselves in the middle ground of the two extremes. The 
decision over which plan must prevail will depend not only on its feasibility but also on the 
priorities set to the field of luminescence thermometry. Such discussion, however, is out 
of the scope of this work.
CONCLUSIONS
Hyperspectral in vivo imaging is here employed to investigate the role played by the tissue 
optical properties in in vivo luminescence thermometry. This work demonstrates that 
biological tissues, under various conditions, significantly distort the shape of the spectra 
of infrared luminescent probes operating within the biological windows. These distortions, 
in turn, could lead to erroneous thermal readouts.  Results here reported also 
demonstrate how the presence of tissues lead to relevant changes in the calibration 
curves of luminescent nanothermometers and to thermal sensitivities significantly 
different from those obtained from aqueous solutions (traditionally used to estimate 
subtissue temperatures). All these effects are explained by considering the thermal 
dependence of light absorption and scattering processes in tissues. Simple experiments 
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reveal that the contribution given by the effective attenuation coefficient to the relative 
thermal sensitivity of luminescent nanothermometers strongly depend on the selected 
thermometric parameter. Though absolute emission intensity seemed to be the most 
affected one, the study of a heating transient in a tissue indicated that the changes in 
other parameters should not be so easily dismissed. In particular, we demonstrate how 
ratiometric thermal sensing, considered as the most reliable approach for remote thermal 
sensing, is also significantly affected by tissue-induced optical distortions.  
This work demonstrates that in vivo luminescence nanothermometry is not as reliable as 
previously thought. It not only constitutes, as a proof of concept, a critical study on the 
field but it also proposes different ways of avoiding the negative impact that tissue-
induced optical distortions have on the accurate determination of subtissue temperature. 
Though much has been said about the need to consider the intrinsic error of 
measurements performed by luminescent thermometers (especially by means of 
quantities such as spatial and thermal resolutions), 6 the direct assessment and 
explanation of the influence of tissue properties on the crucial parameter that is the 
relative thermal sensitivity had yet to be addressed. Based on the results here included, 
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future works dealing with in vivo luminescence thermometry should include different 
quality checks to ensure that the presence of the tissue is not leading to erroneous 
thermal readouts. 
The impact of results here reported are not only restricted to in vivo luminescence 
thermometry.  The magnitude of the here demonstrated in vivo tissue-induced spectral 
distortions should be also considered in other preclinical applications in which 
fundamental information is extracted from the spectral analysis of infrared emitting 
nanoprobes such as those works dealing with in vivo diagnosis through the spectral 
analysis of carbon nanotubes.59
METHODS
Calibration measurements
When measuring the temperature calibrations, the system under study was put above a 
thermoelectrically Peltier plate cooled by a refrigerated circulating water bath (MX07R-
20-A1 Heidolph) while being imaged by the equipment in Figure 1. Its temperature was
then varied in the 20 ºC -60 ºC range, with a step of 5 ºC, and 10 different HSI cubes were 
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obtained. A delay of 5 minutes between each measurement had to be considered for the 
achievement of thermal equilibrium. 
Animal experiments
The in vivo experiments carried out in this work were approved by the Ethics Committee 
from Universidad Autónoma de Madrid (CEI) and complied with the principles of good 
laboratory animal care following the European Directive for the Protection of Animals 
Used for Scientific Purposes. For this study, two CD1 female mice (weight, 27 g; age, 8 
weeks) were used. For the subcutaneous injection, 100 μL of an aqueous dispersion of 
NPs was used. A 25 gauge sterile needle was inserted to a depth of 1 cm under the 
pocket made by gently pulling up the skin over the flank. The injection depth was 
estimated to be 2 mm. The concentrations were 0.15 mg mL–1 for Ag2S dots and 1.5 mg 
mL–1 for Yb@Nd LaF3 NPs or Er-Yb@Yb-Tm LaF3 NPs.  Intravenous injection of Ag2S 
dots (0.15 mg mL–1) was performed through retro-orbital injection with a 27-G insulin 
needle and 1 mL syringe to deliver the NPs in the anesthetized mouse. Isoflurane was 
used as inhalant anesthetic (4% induction, 1% maintenance under a O2 flow of 0.5 
mL/min), and all the in vivo images were obtained with the animal under anesthesia. After 
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the experiments, euthanasia was performed by beheading with the animal under deep 
anesthesia (4% Isofluorane, O2 flow of 0.5 mL/min for 2 minutes prior to beheading). For 
the Ag2S experiments, the animals were sacrificed after 25 minutes of Ag2S injection. 
The selection of 25 min as the ideal time to check the spectrum of the nanothermometers 
was motivated by preliminary experiments dealing with the biodistribution dynamics of 
intravenous injected Ag2S nanoparticles in CD1 mice (Section S13).
Hyperspectral measurements
Right after sacrifice, fresh organs were immediately dissected and rinsed once with 0.9% 
NaCl isotonic saline solution to wash excessive blood. We then performed HyperSpectral 
imaging for the different organs under the following conditions: 5 second of exposure time, 
5 nm of spectral resolution and maintained the laser power density as 50 mW/cm2. 
Regarding the optical set up, one short-pass 850 nm filter (ThorLabs, FS850 ) was placed 
in front of the laser in order to filter the excitation wavelength around 808 nm. To minimize 
tissue-induced autofluorescence, two long-pass filters were placed, one 850 nm inside 
the lens (ThorLabs, FL850), and one 1100 nm in the diaphragma (ThorLabs, FL1100). 
Page 34 of 58
ACS Paragon Plus Environment
ACS Nano
35
The response curves of the components of our detection system are included in Section 
S12.
Transient thermometry
The measurement of the ex vivo thermal transient was performed under the follow 
conditions: the whole system (brainstem+micro-chamber) was put in the imaging system 
of Figure 1 and excited by an 808 nm laser with high intensity (220 mW/cm2) in such a 
way that its temperature would follow a heating transient. The subtissue temperature was 
estimated by the luminescence spectra of the luminescent nanoparticles. In the particular 
case of the data analyzed with the incorrect calibration, the initial temperature of the tissue 
was considered to be equal to the one initially measured by a thermographic camera 
(FLIR E40bx) that was coupled to the experimental setup, i.e. ≈ 25 °C.  The relative 
thermal sensitivity of the detected signal was then assumed to be independent of the 
presence of the tissue (see Section S9 of Supporting Information).  
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The Supporting Information is available free of charge on the ACS Publications website 
at DOI: XXXX. It contains the information on (i) the unnormalized spectra obtained with a 
CD1 mouse and its liver after intravenous injection of NPs, (ii) the dependence of the 
spectral shape with the relative position of the animal, (iii) tissue-induced distortions in 
luminescence spectra, (iv) calibration with other brain tissues, (v) simulations on 
attenuation induced by tissues, (vi) estimation of relative thermal sensitivities with 
different fitting functions, (vii) calibration at different power densities, (viii) the 
mathematics behind the changes in thermal sensitivity due to tissue-induced effects, (ix) 
possible corrections in the analysis of temperature variations, (x) temperature distribution 
in thin tissues, (xi) response curves of the detection system and (xii) the optimal time to 
check the luminescence spectra of an intravenously injected NP.
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